Abstract. The information capacity of DNA double-crossover (DX) tiles was successfully increased beyond a binary representation to higher base representations. By controlling the length and the position of DNA hairpins on the DX tile, ternary and senary (base-3 and base-6) digit representations were realized and verified by atomic force microscopy (AFM). Also, normal mode analysis (NMA) was carried out to study the mechanical characteristics of each structure.
DNA tiles have played a central role in the development of DNA nanotechnology. Of the many types of tiles created to date [1] [2] [3] [4] [5] [6] [7] [8] , one of the most versatile has been the double-crossover (DX) tile, having been used in a multitude of ways, from constructing one-, two-, and quasi-two-dimensional lattices [9] [10] [11] to creating space-time representations of algorithms by acting as Wang tiles [12] [13] [14] [15] . In the case of algorithmic self-assembly, DX tiles were used as binary digits in representing data, where each of the tiles was distinguished by a presence (absence) of a hairpin representing 1-bit (0-bit) [16] . Hence, in order to increase the amount of information within a given lattice, one could increase the size of the lattice or increase the information density of each tile comprising the lattice. Yet for reasons not fully understood, lattices larger than ~1 μm in width seem difficult to grow [17] . In this work, we present a method of raising the overall information capacity of a lattice by taking the latter approach of increasing the information density of its constituent tiles. To achieve this, DX tiles with several different hairpin lengths and positions were used to represent different digits.
A DX tile consists of four strands of DNA in the form of a double duplex with two doublecrossover junctions. At the 4 termini of the duplexes, single-stranded overhangs act as sticky-ends for bindings with other complementary sticky-ends (and hence tiles). Two types of DX tiles participate in the crystallization process. We follow the naming convention of these two types of DX tiles as R-and S-type tiles [18] . From the top view of the DX tile in Figure 1a , S-type tiles have two 5' sticky-ends in the upper duplex and two 3' sticky-ends in the lower duplex, and vice versa for R-type tiles. This reversed directionality between the two types of tiles forces them to bind in an alternating upside-down manner. All hairpin length and coordinate modifications were done to the S-type DX tiles, which are called the hairpin tiles. The R-type tiles are referred to as connector tiles and serve as a reference to the S-type tiles.
Hairpins were designated at 4 different sites, enumerated as 1 through 4, on a DX tile (indicated as circled numbers in Figure 1a ). As can be seen in Figure 1b , three different DX tiles represent a ternary (base 3) digit, i.e., DX tiles without hairpins, with 2 short hairpins (8 base pairs each), and with 2 long hairpins (16 base pairs each). In Figure 1c , six different DX tiles represent a senary (base 6) digit, i.e., (0000), (0100), (1100), (0110), (1101), and (1111). The nominal scheme of the senary tiles is one in which each of the four digits represents a hairpin site, which is either 0 (without a hairpin) or 1 (with a hairpin). For instance, a (0100) tile means a hairpin exists at the second position of the hairpin modification site. Straightforward counting assumes a total of 16 different possible DX tiles (a hexidecimal representation) according to their hairpin coordination, from (0000) to (1111).
Experimentally, however, several cases are indistinguishable due to their geometrical symmetry ( Figure   S2 , see Online Supplementary Data). Within realistic experimental resolution limits of the AFM, DX tiles having 1 hairpin, i.e., (1000), (0100), (0010), and (0001), are the same insofar as rotational symmetry is concerned. Hence, we use (0100) as a representative tile for DX tiles with 1 hairpin. The same argument can be applied to DX tiles with 3 hairpins, in which case we shall use (1110). In the case of DX tiles with 2 hairpins, six species of tiles exist, i.e., (1100), (0011), (1010), (0110), (1001), and (0101). These tiles are classified into two types, ones having 2 hairpins on the same side normal to the DX tile or having 1 hairpin on each side of the DX tile. We use (0110) to represent both (0110) and (1001) tiles, which have 2 hairpins protruding from the same side and (1100) to represent (1100), (0011), (1010), and (0101) tiles, i.e., tiles with 2 hairpins pointing in opposite directions.
All ternary and senary DX representations were successfully self-assembled under standard annealing protocols (see the materials and methods section). Each digit was expressed as a DX lattice consisting of hairpin and connector DX tiles (Figure 2 One is the increase in the intrinsic structural integrity of the hairpins as their numbers are increased and the other is due to the convolution effect of the AFM during scanning. Of the 6 different tiles, all but the (1100) and (0110) tile can be characterized by height measurements. The mean heights of (1100) and (0110) fall well within their respective standard deviations meaning another parameter is needed to distinguish these two types of tiles. Since the (0100) and (1100) tiles have only 1 hairpin protruding from either side of the DX duplex plane compared to the (0110), (1110), and (1111) tiles which have 2 hairpins protruding from the same plane, the width measurements of the hairpins can serve as a discriminating parameter when differentiating these tiles. The mean hairpin width for tiles with a single hairpin protrusion, w 1 , is 9 nm. For tiles with double hairpin protrusions, the width, w 2 , is 15 nm (Table   S4 , see Online Supplementary Data). This marked difference in width allows for a clear distinction of all 6 types of senary tiles.
To get a better understanding of the inherent structural characteristics of DX tiles with different hairpin lengths and coordinates, normal mode analysis (NMA) was carried out on each of the DX tiles.
NMA, although auxiliary to the kinetic and thermodynamic energy scales in self-assembling DNA structures, provides useful information on the inherent vibration modes of the structure [19] [20] [21] . We worked within the framework of the mass-weighted chemical elastic network model (MWCENM) [22] .
The model was created as follows. First, a network with information containing the coordinates of all the atoms was set up. This was done by reconstructing atoms of the DX tiles from crystallographic data taken from the Nucleic acid Database Bank (NDB) (see Online Supplementary Data) [23] [24] [25] . Next, representative atoms were selected by coarse-graining ( Figure S3 ). In this model, the atoms within a cut-off distance of 8 Å of each other were treated as simple harmonic oscillators with the spring constants depending on the type of chemical interactions being taken into account, i.e., van der Waals interactions, hydrogen bonds, and covalent bonds (this is what is meant by "chemical"). Here, the energy scale of these interactions was set to a ratio of 1:10:100. In addition, the masses of the atoms which surround the representative atoms, but have been left out through coarse-graining, were added to the coarse-grained atoms, forming a lumped mass. This "mass-weighted" scheme better reflects the vibrations by incorporating an inertia effect. By solving the equations of motion for this network of atoms, the inherent vibration modes of the system were obtained. The mode with the lowest energy corresponds to the most likely vibration of the system under equilibrium. (0000) and (0100) tiles. Furthermore, the apparent features of the duplex and hairpin motions of the senary digit tiles were altered by the number of hairpins. The greater the number of hairpins, the greater the deviation from the usual duplex vibrations shown by (0000) tiles. Also, the hairpin coordination, especially the symmetry of the hairpins with respect to the plane of the body, gave rise to different vibration modes of the body. For instance, for tiles with symmetric hairpin coordinations, e.g., (1100), twisting modes of the body appeared much more frequently compared to the other modes. Moreover, the motions of the hairpins were also symmetric for these cases. On the other hand, for tiles with asymmetric hairpins, e.g., (0110) and (1110), the vibrations of the body showed hybrid motions of twisting and bending simultaneously such as modes 3, 4, and 5 of (1110). For tiles with long hairpins, the length of the 2 hairpins above and below the DX duplex plane equals that of the body of the duplex (~32 base pairs). Hence, the amplitude of the motions of the hairpins is much greater than that of the shorter hairpins. Of particular note, a unique vibration motion appeared for mode 5 of the L-HP tile. In this mode, the body oscillated with respect to the axis penetrating the center of the two duplexes of the body.
In conclusion, we have successfully increased the information density of DX tiles by designing ternary and senary digit representations beyond the conventional binary representation of DX tiles. By controlling and varying the structural features of the hairpins, the amount of information embedded in a single DX tile was increased by a factor of log 2 3 (~1.58) and log 2 6 (~2.58) for ternary and senary digit tiles, respectively. This increase in information capacity allows more information to be represented in a smaller lattice as well as more diverse logic rules to be implemented. In addition, normal mode analysis was performed for all the DX tiles to analyze their inherent structural characteristics. The theoretically obtained normal modes and vibrational frequencies not only provide information on the basic vibrations of the DX tiles, but can also serve as a reference for the future work in experiments characterizing the physical properties of DNA by methods such as Raman spectroscopy.
Materials and methods
All oligonucleotides used in this experiment were synthesized and purified by high-performance Of the 6 different tiles, all but two (i.e., (f) (1100) and (g) (0110)) can be uniquely characterized by height alone. To distinguish between (1100) and (0110), hairpin width measurements through AFM data need to be taken into account. The mean width of (1100), w 1 , is 9 nm whereas for (0110), w 2 , it is 15 nm (see Table S4 , in Online Supplementary Data). With hairpin height and width information, all 6 representations of senary digits using DX tiles can be classified. (Scale bars: 250 nm) Complementary sticky-ends are denoted by a capital "S" followed by a number, e.g., S1 has complementary set with S1'. Figure S5 . An example of height analysis for an S-HP crystal. All DX structures were measured from the mica surface to the top of the hairpin. Figure S6 . An example of hairpin width analysis for a (1111) crystal. The width of all the hairpins were measured at their full width at half maximum (FWHM).
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